Introduction
Transition metal metallophthalocyanines are commonly used in high-tech applications, such as in photosensitizers, optical data storage and chemical gas sensors, [1] [2] [3] [4] [5] and have lately attracted interest in the field of electrochemistry where they are being tested and used as electrocatalysts. [6] [7] [8] [9] [10] Soluble sulfonated phthalocyanines have shown themselves to be able to form stable layers on different types of supporting material, including electrodes. The immobilization of these compounds onto an electrode can lead to so-called modified electrodes with improved kinetic properties, allowing a rate increase in an electrochemical reaction in order to provide a higher selectivity, sensitivity and efficiency. The major characteristics of the phthalocyanines are their high thermal and chemical stability, coupled with their extensive redox chemistry. Moreover, the phthalocyanine ring is a flat structure, which makes the aggregation in solution and on surfaces possible.
Various deposition techniques have been used to create modified electrodes, including drop drying, spin coating, spontaneous adsorption (self-assembling) and electrodeposition. [11] [12] [13] [14] In previous studies synchrotron radiation X-ray micro-fluorescence (SR-XRF) was used to study the morphology and heterogeneity of cobalt(II) tetrasulfonated phthalocyanine (CoTSPc) and copper(II) 3,4 0 ,4 00 ,4 0 0 0 -tetrasulfonated phthalocyanine (CuTSPc) on gold electrodes using the different modification techniques. 15 Results demonstrated that the electrodeposition technique leads to a more efficient adsorption, resulting in a uniformly adsorbed phthalocyanine layer. This paper focuses on the quantitative aspects of SR-XRF (micro-)characterization of CoTSPc and CuTSPc thin-films which are electrochemically deposited on gold electrodes. The derived Co and Cu surface-concentration results enable the quantitative assessment of CoTSPc and CuTSPc thin film build-up on both macro-and microscopic scales after electrodeposition as a function of the applied phthalocyanine concentration. The SR-XRF based surface concentration values and their microscopic variation across the electrode surface have been derived using the data collection and reduction strategy described by Kempenaers et al., [16] [17] [18] coupled with a calibration scheme based on the fundamental parameter method.
Microbeam SR-XRF allowed the quantitative determination of the heterogeneity of CoTSPc or CuTSPc surface concentrations on the 20 mm and 600 mm level. The obtained mean concentration values could be compared directly with electrochemical calculations, yielding satisfactory agreement between the two determination methods for the deposited surface concentration values and new insights into CoTSPc and CuTSPc thin film build-up.
Experimental Electrodeposition procedure
The electrodeposition was carried out in a three electrode cell with a saturated calomel reference electrode (SCE) with two compartments, obtained from Radiometer (Lyon, France), and a carbon counter electrode. The working electrode was a gold electrode (diameter 1.6 mm) from BAS (Warwickshire, UK), which was pre-treated by mechanical and electrochemical polishing according to the following procedure. Before its first use the electrode surface was briefly scoured by a SiC emery paper, 1200 grit, to obtain a fresh surface. To smoothen the resulting relatively rough surface it was further subjected to sequential polishing by a polishing cloth covered with alumina powder (Buehler, IL, USA) of 1, 0.3 and 0.05 mm particle size for, respectively, 5, 10 and 20 min. To remove any adherent Al 2 O 3 particles the electrode surface was rinsed thoroughly with doubly de-ionised water and cleaned in an ultrasonic bath (Branson 3210, Ghent, Belgium) containing de-ionised water for 2 min. Finally, the electrode was pretreated using an electrochemical potential cycling technique in a 0.1 mol L À1 Na 2 HPO 4 -NaOH buffer solution, pH = 12, between À1.2 and 0.6 V versus SCE until 5 subsequent voltammetric scans were identical. In the next step, the electrochemical potential cycling technique was used to deposit a film of phthalocyanines onto a gold electrode. The modification was carried out by recording successive cyclic voltammetric scans in a potential window from À1.2 to 0.6 V versus SCE (50 mV s
À1
) during a defined number of voltammetric scans in a pH 12 buffer solution containing either CoTSPc or CuTSPc. The modified gold electrodes were kept in a phthalocyanine free pH 12 buffer solution and 20 voltammetric scans were taken between À1.2 and 0.6 V versus SCE with a scan rate of 50 mV s
. The surface concentration of phthalocyanine on the gold electrode is derived from the Co(III)TSPc ads /Co(II)TSPc ads reduction peak (À0.38 V versus SCE) for the electrode modified with CoTSPc and from the Cu(I)TSPc ads /Cu(II)TSPc ads oxidation peak (0.05 V versus SCE) for the CuTSPc modified electrode. 14, 15, 19, 20 A PGSTAT20 potentiostat from ECO Chemie controlled by GPES 4.9 software package running on a Pentium II computer (Eknadata) was used to record the voltammetric curves. Before use, measurement of the pH of the solution was made using an Orion Benchtop pH-meter, Model 420A.
During this study the concentrations of CoTSPc or CuTSPc were varied from 1 to 16 mmol L À1 in a pH 12 buffer solution.
The CoTSPc sodium salts, having four sulfonated groups randomly placed over the phthalocyanine structure, were purchased from the Department of Chemistry at Rhodes University of Grahamstown (Eastern Cape, South Africa). The CuTSPc sodium salts were purchased from SigmaAldrich (St. Louis, USA). In the case of the latter, the four sulfonated groups are on fixed positions, more specifically on the 3,4 0 ,4 00 ,4 0 0 0 spot of a phthalocyanine ring (CuTSPc). The buffer solution of pH 12 (Na 2 HPO 4 -NaOH) was purchased from VWR-International (Leuven, Belgium). Before each experiment, pure nitrogen was bubbled through the cell solution for 20 min.
Scanning SR-XRF measurements
The scanning micro-SR-XRF experiments were performed at Beam Line L of the DORIS-III storage ring, HASYLAB (Hamburg, Germany). 21 This beamline is dedicated to micro-XRF experiments using either white or monochromatic bending magnet excitation and mono-or polycapillary focusing, with routinely available beam sizes of 10-30 mm. The primary X-ray beam is generated by a 1.2 T bending magnet source which, given the machine energy of 4.465 GeV, provides a polychromatic spectral distribution with a critical energy of 16.6 keV. After initial low-energy filtering and collimation, the beam was monochromatized by a Ni/C multi-layer monochromator ( Fig. 1 . During the CuTSPc uniformity studies 31 Â 31 scanning XRF maps were recorded with a step-size of 20 mm, using a data collection time of 10 s per data point. The intensities of the incoming beam were monitored using an ionization chamber in front of the polycapillary.
The SR-XRF measurements were performed on the gold electrodes modified with CoTSPc in a concentration range from 1 to 16 mmol L
À1
. In the concentration range of 1-10 mmol L
, every modification was performed until the number of voltammetric scans needed to reach the stabilization point, also called the breaking point, was reached 14 (see below) in order to receive the same state of the immobilized layer. In the concentration range of 12-16 mmol L À1 the electrodeposition was performed until beyond the breaking point. 14 The reason for this is that the number of voltammetric scans needed to reach the breaking point is lower than five for these CoTSPc concentrations, which has a negative influence on the reproducibility of the modification. For the electrodeposition with CuTSPc, 60 subsequent voltammetric scans were taken during the modification in a concentration range of 1-16 mmol L
.
Data reduction
The non-linear least square fitting software AXIL 22 was used to determine the net-peak intensities of the Co Ka or Cu Ka in the measured XRF spectra. The average deposited surface concentrations were calculated from the sum spectrum by the fundamental parameter (FP) method, 23 making use of pure thin Co (thickness 10 mm) and Cu (thickness 1 mm) foils as standards for the calibration (Goodfellow Inc.). The data reduction described below aims at the determination of the average surface concentration values and their relative variance d 2 sum,r based on the sum spectra for the individual Co or Cu concentrations on the gold electrode. These values on the one hand are influenced by the relative variance of the experimental Co or Cu intensities originating from the deposited thin-films on the gold electrode. On the other hand, the uncertainty of the determined thin-film concentration also depends on the relative variance of the measured Co and Cu intensities from the applied standards used for calibration/ normalization.
The concentrations of Co and Cu calculated by the FP method have been plotted as a function of the Au M line normalized Co Ka or Cu Ka intensities (I Co-Ka /I Au-M or I Cu-Ka /I Au-M ) derived from the sum spectra (Fig. 2) . In this way, a calibration curve for Co and Cu could be obtained.
During one set of experiments (see below) this calibration curve was used to quantify the data, which simplified the quantification procedure considerably by using the gold Mlines as internal reference, without need of using external standards. Instead of the direct application of the fundamental parameter method, the calibration curves shown in Fig. 2 were used to derive the surface concentrations of the Co or the Cu on the gold electrodes from the sum spectra. This resulted in an increase of d 2 sum,r for Co and a decrease of d sum,r 2 for Cu. Since the energy of the incoming beam was shifted to more positive values (ca. 260 eV for Co and 390 eV for Cu) for this set of experiments compared with those from which the calibration curves were derived, a sensitivity correction term was applied. The sensitivity correction term for these shifts has been determined by using the corresponding mass attenuation coefficients derived from the McMaster tabulation. 24 The Co or Cu surface concentrations on the pixel level were also derived from the 961 individual spectra (representing a 31 Â 31 SR-XRF map), each of which corresponds to concentration values from microscopic regions on the 20 mm scale. Within the 31 Â 31 elemental maps, the individual pixel intensities represent the Co Ka or Cu Ka line-intensities normalized by the Au M lines (after integration between 1.862 keV and 2.362 keV). From these normalized SR-XRF maps, corresponding histograms of the detected Co and Cu signals were derived. By fitting Gaussian curves on these histograms the mean value and the full-width-at-half-maximum (FWHM) of the measured intensity distributions have been obtained. According to Kempenaers et 17 The instrumental term d 2 instr,r is considered to be negligible here since it is smaller than 1% for the given experimental setup. 18 The statistical term d 
Results

SR-XRF and electrochemical determination of CoTSPc or CuTSPc surface concentrations deposited on a gold electrode
In previous work it has been shown that the charge related to the adsorption process of CoTSPc, which is calculated by using the surface area of the Co(III)TSPc ads /Co(II)TSPc ads reduction peak, first increases with the growing number of voltammetric scans and then becomes constant. 14 The number of voltammetric scans needed to reach the breaking point is also concentration dependent.
14 It has been postulated that prior to this breaking point, the adsorption is kinetically controlled, resulting in a chaotic multilayer, and once a saturation of the deposited CoTSPc has been obtained, a reorganization of the chaotic multilayer takes place towards a more stable and ordered structure. 14, 15, 19 In comparison with the Co data, the charge related to the adsorption process of CuTSPc shows a different behaviour. The charge keeps increasing with growing voltammetric scan number. This means that from voltammetric scan 1, the CuTSPc molecules are Table 1 lists the parameters of the modification procedure used in this study together with the electrochemical data obtained and the derived surface concentrations for the modification with CoTSPc as well as with CuTSPc. The voltammetric scan numbers labelled with an asterisk (*) symbol in Table 1 indicates that the modification occurred up to the breaking point for this CoTSPc concentration in solution. From Table 1 it can be seen that the calculated Co surface concentration is independent of the CoTSPc concentration during the modification process at the breaking point (measurements 1-6) and after the breaking point (measurements 7-9) in the concentration range studied. It can also be seen that the deposited Cu surface concentration is more or less independent of the initial CuTSPc concentration in solution in the concentration range of 1-16 mmol L À1 during the modification procedure after 60 subsequent voltammetric scans. The SR-XRF based surface concentration values of CoTSPc or CuTSPc were derived from the sum spectra (yielding the average concentration) as well as from the 961 individual spectra (yielding the concentration at the microscopic level). From the sum spectra a calibration curve has been plotted (Fig. 2) showing that the I Cu-Ka /I Au-M ratio, shown in the X-axis of the calibration curve, is higher than the I Co-Ka /I Au-M ratio because of the higher excitation energy used during the Cu detection. The higher excitation energy reduces considerably the gold M-line intensity (used as the internal reference) during Cu detection, which results in a higher normalised Cu/Au-M signal for the same Cu or Co surface concentration. The standard deviations of the measured Co and Cu concentrations in the calibration curve are, respectively, 0.0139 mg cm À2 and 0.0118 mg cm Table 1 . Comparison of the average Co/Cu surface concentrations and the Co/Cu concentration on the microscopic level shows that the Co/Cu concentration on the microscopic level is slightly smaller. This can be explained by the detected heterogeneities on the deposited layer having high concentrations, which can be seen as small bright areas on the recorded elemental maps. These areas correspond to the high-intensity tails on the right-hand side of the calculated histograms, representing in some cases considerable deviations from the ideal Gaussian distribution. It is also seen in Table 2 that d sum,r is about 40 times higher for Cu than for Co. This can be explained by the considerably higher waviness of the thinner (1 mm) copper foil used as standard compared with the Co reference foil (10 mm), resulting in higher uncertainties of the illuminated excitation volume (and detected reference intensity) for Cu. Fig. 5 shows the elemental maps of Co or Cu deposited using different CoTSPc (9 voltammetric scans) or CuTSPc (60 voltammetric scans) concentrations in solution and the corresponding histograms of the normalized Co-Ka or Cu-Ka intensities derived from another set of experiments. For the determination of the surface concentrations from these SR-XRF measurements, the calibration curve shown in Fig. 2 has been used. In this case the surface concentrations could be derived directly from the I Co-Ka /I Au-M or I Cu-Ka /I Au-M ratios without the use of an external standard. It can be seen in Table 2 (measurements 7, 8, 9, 17 and 18) that the use of internal reference results in increased d sum,r values for Co, while the d sum,r reduces for Cu when compared with the FP quantification using an external reference. This can be explained by the relatively high d sum,r values for Cu in the case of the external standard based quantification as a result of waviness of the thin Cu reference foil (1mm). In the case of the quantification of Co, the standard deviation on the calibration curve dominates when compared with the negligible standard deviation measured from the external standard foil (10 mm). In this case switching from external reference to the calibration curve based quantification increases d sum,r.
In the rest of this paper, the surface concentrations derived from the electrochemical data (Table 1) are compared with the surface concentrations derived from the SR-XRF data ( Table  2 ). This comparison gives detailed information about the layer build-up of the CoTSPc or CuTSPc thin layer, which is discussed in the next section.
Discussion
Comparison of the Co surface concentrations on gold electrodes derived from SR-XRF and electrochemical data Fig. 6 shows the Co surface concentrations calculated using the electrochemical data, the SR-XRF sum spectra and using the mean of the histogram as a function of the CoTSPc concentration (1-10 mmol L À1 ). The number of voltammetric scans during the modification is indicated each time between parentheses. It is observed that the surface concentrations derived from the electrochemical data, as well as from the SR-XRF data, are reasonably constant across the concentration range studied. Moreover, it is seen that the Co surface concentration derived from the electrochemical data is significantly lower than those obtained from the SR-XRF data. This constant difference between the electrochemical and SR-XRF surface concentrations means that there is a constant ratio between the electro-active (electrochemical data) and electroinactive species on the surface at the breaking point. Note that the SR-XRF data show both electrochemically active as well as the electrochemically inactive species. Fig. 7 shows the surface concentrations of cobalt on a gold electrode derived from the electrochemical and SR-XRF data after a modification using nine voltammetric scans with the CoTSPc concentration varying between 10 and 16 mmol L Based on earlier studies, 14 it is expected that the cobalt concentration obtained via the electrochemical data is constant after the breaking point, which is indeed the case here. In contrast, the Co concentration calculated from the SR-XRF data increases for the three latter concentrations. An explanation could be that at these concentrations the modification procedure takes 9 voltammetric scans. It has been shown in previous work 16 that at the beginning of the modification
there is a fast growth of electro-active species (monomers) on the surface in comparison with the electro-inactive species (dimers). This indicates that on the bare gold electrode, primarily monomers are adsorbed. According to this behaviour, it can be postulated that at the breaking point there is a concentration independent equilibrium between the constant amounts of monomers and dimers. The surface area is the limiting factor according to the amount of monomer adsorbed on the surface, and there is a maximum amount of dimers adsorbed on the monomer layer. The continuous potential cycling after the breaking point causes further aggregation between the electro-active species. This means that there is a stabilization of the layer and that it is better defined. On this well defined layer, however, there is an increasing amount of dimer adsorbed after the breaking point. It is also noticed that d het on the Co concentration after the breaking point increases with increasing concentration, indicating an increase in heterogeneity. This can be explained by electro-inactivity of the dimers, 16 which means that they are much less affected by the potential cycling.
Comparison of the Cu surface concentrations on gold electrodes derived from SR-XRF and electrochemical data A similar experiment was performed using CuTSPc. Electrochemical and SR-XRF analyses of modified gold electrodes during 60 subsequent voltammetric scans as a function of the CuTSPc concentration in solution (between 1 and 16 mmol L À1 ) were performed. Fig. 8 shows the plot of the deposited copper surface concentrations calculated using the three methods described above as a function of the CuTSPc concentration during modification. It is seen that these surface concentrations determined are more or less independent of the CuTSPc concentration in the range studied. In contrast with CoTSPc, the same copper surface concentrations are calculated from the electrochemical as well as the SR-XRF data. One can also observe that the surface concentrations calculated from the mean of the histogram and the sum spectrum are different from each other for the CuTSPc concentrations in solutions of 4, 12, 14 and 16 mmol L
À1
. For 4 and 12 mmol L À1 CuTSPc concentration in solution, this can be explained by the distortion of the histogram from the fitted Gaussian (see Fig. 4 ). These histograms, indeed, show a relatively large number of high concentration pixels which can be caused by surface artifacts. For the 14 and 16 mmol L À1 CuTSPc concentrations in solution, the difference in surface concentration can be explained by the energy shift of the incoming beam over 390 eV. As a result of this energy shift, the escape peak from the Si detector of the Rayleigh and Compton scatter interferes with the detected Cu Ka which has, in this case, a similar intensity. This has a much higher influence on the (statistically more uncertain) individual pixel intensities than on the sum spectrum, which causes the mean to be underestimated together with the corresponding Cu surface concentration. In contrast with CoTSPc, there is no breaking point observed electrochemically for CuTSPc, and the surface concentrations calculated from the electrochemical data closely match those derived from the SR-XRF data. These differences in electrochemical behaviour can be explained by the difference in structure of the immobilized layer caused by the four coordination of the CuTSPc in comparison with the six coordination of the CoTSPc. The four coordination of the CuTSPc causes the molecules to approach very easily without the formation of bridged systems (e.g., with oxygen or hydroxyl particles) as is the case with CoTSPc. This makes the formed dimers (containing a Cu-Cu bond), which are much higher in concentration than for CoTSPc, electrochemically active. Thus, during the modification process the monomers as well as the dimers are electrochemically deposited and active on the gold electrode. As a result, the electrochemical deposition causes the formation of a compact layer consisting of dimers as well as monomers, which makes electron tunnelling throughout the stacked aggregates possible. This may also Table 2 Overview of the SR-XRF data, including the number of the measurement, the data derived from the sum spectrum (resp. total Co or Cu intensity, the normalized intensity and the surface concentration) and the data calculated from the histograms (resp. mean of the histogram, the explain the absence of a breaking point during the electrodeposition of the CuTSPc on the gold electrode since there is no interference from an electro-inactive species during the modification which makes the stacking of the phthalocyanine aggregates possible.
Conclusions
This paper describes the determination of the surface concentration and the (micro)-heterogeneity of thin layers of CoTSPc and CuTSPc on gold electrodes by means of synchrotron radiation X-ray micro-fluorescence on 20 and 600 mm scales. CoTSPc or CuTSPc were deposited electrochemically on a gold electrode by recording successive cyclic voltammetric scans. The properties of the CoTSPc or CuTSPc layers were studied after modification using different phthalocyanine concentrations during the modification procedure. It can be postulated that for the modification of a gold electrode with CoTSPc, there is an equilibrium between the constant amounts of electro-active species (monomer) and electro-inactive species (dimers) at the breaking point. The surface area is the limiting factor according to the amount of monomer adsorbed on the surface and there is a maximum constant amount of dimers adsorbed on the monomer layer. After the breaking point, the monomer layer stabilizes, increasing the free spaces for the dimers to adsorb.
For the modification of a gold electrode with CuTSPc it can be postulated that the monomers, as well as the dimers, are electrochemically active because of the absence of bridged dimers. This changes the modification in such a way that during the modification procedure stacked phthalocyanine structure can be formed immediately and there is no stabilization of the layer needed. Fig. 6 Relationship between the Co surface concentrations calculated using the electrochemical data (m), the sum spectra (E) and using the mean of the histogram (') (d tot is shown as error bar) as a function of the CoTSPc concentration during the modification at the breaking point. The value in parentheses above each data point indicates the number of successive voltammetric scans. Fig. 7 Relationship between the Co surface concentrations calculated using the electrochemical data (m), the sum spectra (E) and the mean of the histogram (') (d het is shown as error bar) as a function of the CoTSPc concentration after 9 successive voltammetric scans. Fig. 8 Relationship between the Cu surface concentrations calculated using the electrochemical data (m), the sum spectra (d sum is shown as an error bar) (E) and using the mean of the histogram (') (d tot is shown as an error bar) as a function of the CuTSPc concentration during the modification after 60 subsequent voltammetric scans.
